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Introduction
Although the amount of alternative energy carriers is increasing, currently 80% of the world energy consumption is covered by fossil fuels and they will remain the most important primary energy carrier in coming years [1] . Especially, the global demand for liquid fuels for transportation produced from crude oil is still rising due to increasing population and economic growth [2] and is associated with harmful emissions of polyaromatic hydrocarbons (PAHs), soot, oxygenates, NO x , and volatile organic compounds (VOCs). To control the emissions a more detailed understanding of the combustion processes is still necessary. Especially, the investigation of reactive combustion intermediates is crucial because they influence pollutant formation. The monoaromatic hydrocarbons benzene, toluene, ethylbenzene, and the three xylene isomers belong to the VOCs and can be found with up to 20% (w/w) in typical gasoline blends [3] . Xylenes are the simplest dialkyl-substituted aromatic compounds and they are differentiated by the position of the methyl groups as ortho-(1,2-dimethylbenzene), meta-(1,3-dimethylbenzene), and para-xylene (1,4-dimethylbenzene). Xylenes accounts for the highest fraction and can improve the antiknock properties of the gasoline [4] . The use of biodiesel and ethanol as surrogate to Diesel fuel can help to decrease the overall concentrations of monoaromatic hydrocarbons in the exhaust gas of combustion engines, as shown by Di et al. [5] , but the concentration of oxygenates is increased. Because xylenes are present in gasoline several investigations of their combustion and oxidation behavior under different conditions have been performed, previously.
Investigations in shock tubes [6, 7] find that o-xylene is the most reactive isomer. Ignition delay times and species profiles were measured for m-xylene under lean, stoichiometric, and fuel-rich conditions in a single-pulse shock tube by Gudiyella et al. [8] . The oxidation of p-xylene and mxylene was investigated in a jet-stirred reactor at atmospheric pressure [9, 10] . Laminar burning velocities of benzene and some alkylbenzenes including m-xylene were measured in a combustion vessel at 3 bar and 450 K for different equivalence ratios by Johnston and Farrell [11] . They found that burning velocities depend on the length and the number of alkylated side chains with benzene as the fastest and m-xylene as the slowest of the observed compounds. Similar observations are reported for the laminar flame speeds measured in the counterflow configuration at atmospheric pressure with benzene as the fastest [12] . Differences between the xylene isomers are small under lean conditions (slightly faster flame speed for o-xylene) and disappear under fuel-rich conditions. Mouis et al. [13] investigated the effect of m-xylene on soot in laminar ethylene co-flow diffusion flames from 1 to 5
atm. The pyrolysis of the xylyl radicals, as the first decomposition product of xylenes in combustion processes, was studied in detail experimentally by iPEPICO from the pyrolysis of xylyl bromides in a SiC reactor by Hemberger et al. [14, 15] and theoretically in [16, 17] .
While there are a number of studies on the combustion and oxidation of xylenes at atmospheric or higher pressure there are few studies on laminar low-pressure flames [3, 4, 9] . The work of Li et al.
[3] reports the identification of combustion intermediates up to a m/z ratio of 240 in fuel-rich monocyclic aromatic hydrocarbons including xylene isomers at 40 mbar by MBMS. By comparison of signal intensities of different PAHs they concluded that xylenes have the highest sooting tendency of the investigated fuels. Also the results of [18] support that m-xylene has a relatively high sooting tendency in comparison to other aromatic hydrocarbons like benzene or toluene. A detailed measurement of species mole fraction profiles in laminar premixed o-xylene flames at low pressure can be found in [4] . A comparable study on laminar m-xylene flames does not exist.
Experiment and theoretical calculations
A fuel-rich (Φ=1.79) m-xylene flame at 40 mbar with a cold gas velocity of 35 cm/s (at 300 K) with 50% argon dilution was studied at similar conditions as o-xylene in [4] . The measurements were performed with the MBMS setup at the Swiss Light Source. A detailed description of this system can be found in [19] [20] [21] and in the supplemental material. Procedures for the evaluation of species mole fractions follow the procedure in [22] with modifications described in [19] and the supplemental material.
Species identification is achieved by comparison of measured ionization energies, PIE curves, and
TPES with values of expected intermediates from the literature. For some species ionization energies were calculated using CBS-QB3 methods as implemented in Gaussian09 [23] suit of programs and photoelectron spectra were obtained by computing Franck-Condon factors with the program ezSpectrum.OSX [24] . Table S1 in the supplemental material gives a summary of the calculated ionization energies of possible intermediate species in the m-xylene flame.
Results

Mole fraction profiles and comparison to kinetic modeling results
The experimental mole fraction profiles of the major species and several combustion intermediates in the fuel-rich m-xylene flame are compared to modeling results using five current kinetic mechanisms from the literature [8, 10, 13, 25, 26] . The mechanism of Ranzi et al. [25] does not distinguish between the three xylene isomers but it includes a formation mechanism of PAHs up to C 20 . The mechanism of Diévart et al. [26] for the combustion of 1,3,5-trimethylbenzene contains an oxidation sub-model for m-xylene assembled from the studies of [6] and [10] . Gudiyella [8] developed a model for the decomposition of m-xylene for high-pressure conditions based on their previous toluene and m-xylene oxidation model [27, 28] which also includes the formation and the decay of p-xylylene based on the work of [16] . The kinetic model of Mouis [13] is based on the toluene mechanism of Sivaramkrishnan et al. [29] and the m-xylene mechanism of Battin-Leclerc [6] . Finally, the mechanism of Gaïl and Dagaut [10] was developed from a previous reaction mechanism of the oxidation of p-xylene [9] and was also tested against low-pressure measurements. A rearrangement of the m-xylyl radical, which was observed in [14, 15] and will be discussed later, is not included in any of the models. In [8, 10, 26] the isomerization is implied by considering the direct formation of p-xylylene from the m-xylyl radical (m-CH 3 C 6 H 4 CH 2 = p-CH 2 C 6 H 4 CH 2 + H).
The one-dimensional temperature profile used in the kinetic modeling was calculated from the temperature dependence of the flow rate through the quartz sampling probe which is proportional to the pressure in the intermediate chamber. It was shown elsewhere [30] that this procedure is wellsuited to obtain temperature profiles for kinetic modeling. The exhaust gas temperature was taken from [4] where a temperature profile was measured by a BeO-coated thermocouple for a o-xylene flame with same pressure, stoichiometry, and cold gas flow conditions as our flame. The onedimensional flame simulations were carried out with the software library Cantera [31] . Overall, more than 30 combustion intermediates were identified and most of them were quantified. 
Decomposition of m-xylene
For m-xylene we expect the m-xylyl radical (C 8 H 9 ) as the dominant fuel radical. This radical can be clearly identified from the measured TPES in the reaction zone. Figure 3 shows the TPE signal of m/z=105, measured at HAB = 6.5 mm, in comparison to the Franck-Condon simulation from [15] .
Ionization energies of the three xylyl isomers obtained from [15] are indicated. The sharp peak in our measured TPES fits perfectly to the adiabatic ionization energy of m-xylyl (7.11 eV) and also matches the calculated TPES very well. The two other characteristic peaks result from C-C-C bending and C-C stretching vibrations, respectively. The small peak at 7.06 eV is assigned to a hotband transition, which was also observed in [15] . The presence of the other xylyl radicals (o-xylyl and p-xylyl radical), which have ionization energies of 7.08 and 6.94 eV [15] , cannot be verified by the measured TPE spectrum. This observation would match initially the investigations of Li [3] where in fuel-rich xylene flames only the corresponding xylyl radicals were detected (i.e. only mxylyl radical in m-xylene flames). However, there is a small peak in the ms-TPES below 7 eV, which might be a contribution of the para isomer present in very low concentration. [32] . Of course, methylphenyl radicals can easily isomerize to the benzyl radicals which are the most stable C 7 H 7 isomers and dominant intermediates formed during the combustion of alkylated aromatics [33] . Benzyl radicals were also identified here as the dominant C 7 H 7 isomers by the strong fundamental transition in the ms-TPES at 7.25 eV (Fig. 4.) , which agrees well with the literature ionization energy of 7.242 eV [34] . The onset at about 7 eV indicates that an additional C 7 H 7 isomer must be present. The most stable isomers following benzyl are the tropyl and vinylcyclopentadienyl radicals [35] . Both can be excluded from consideration because their ionization energies are 6.23 [36] and 7.94 eV [37] , respectively. The calculated ionization energies of the methylphenyl radicals are significantly higher (Table S1 ) and can also be excluded. However, calculated ionization energy of the 3-ethynylcyclopentenyl radical (7.04 eV) and the Franck Condon simulation fit the experimental spectrum well. Another route of benzyl radical formation proceeds via toluene which can be found in high amounts in the investigated flame (maximum mole fraction of 10 -2 ) and is underpredicted by a factor of two by the reaction models. In the iPEPICO setup coincident ion signal is lost if the kinetic energy release of the electrons exceeds 0.8 eV. This is the case here for toluene so that its mole fraction has a rather high uncertainty (see supplemental material). Toluene and benzyl are formed directly from the fuel (m-CH 3 C 6 H 4 CH 3 + H = C 6 H 5 CH 3 + CH 3 ) by substitution of the methyl group by a hydrogen atom [10, 28] , followed by a subsequent H-abstraction. 
m-Xylylene is in comparison to o-and p-xylylene a diradical and was not observed in our
measurements or in [14] [15] [16] so that a rearrangement of the m-xylyl to the p-xylyl and the o-xylyl radical, respectively, must take place to obtain either p-xylylene [14] or styrene and benzocyclobutene. However, the o-xylyl radical was not found in the reaction zone of the fuel-rich flame (see Fig. 3 ). It was shown in [15] that the o-xylyl radical forms benzocyclobutene after H-bond scission via isomerization of o-xylylene. The presence of benzocyclobutene indicates that this reaction also occurs here, although the o-xylylene could not be detected. Benzocyclobutene itself isomerizes to styrene [14, 38] and was identified by the peak at 8.66 eV which matches the measured and calculated value of the adiabatic ionization energy of 8.65 eV [15] . Styrene can be found with the highest concentration of all C 8 H 8 isomers (maximum mole fraction is twice as big as mole fraction of p-xylylene). The models of [10] and [13] predict the highest concentration for styrene and according to a reaction path analysis (see also Fig. S4 ) it is formed mainly by decomposition of Ethylbenzene. The decomposition steps of m-xylene to C 8 H 8 isomers inferred from flame and reactor experiments lead to similar conclusions and are summarized in Fig. 6 . Interestingly, the mole fraction of the fuel-radical is overestimated by all models compared to the measured concentration profile and indicates that reactions for its degradation could be missing. However, it must be considered that the ionization cross section of the xylyl radical is unknown and had to be estimated to calculate the mole fraction (see supplemental material). Although p-xylyl and o-xylyl radicals were not unambiguously detected, their formation by rearrangement of the m-xylyl radical must take place. The reaction pathway to p-xylylene and benzocyclobutene in Fig. 6 , including the isomerization of the xylyl radicals, is absent from all models. According to [4] , benzocyclobutene will take part in the formation of indane and indene. Consequently, aromatics growths in this flame may be promoted by the reaction sequence and it should be included in the reaction mechanisms. Ring contraction to five-membered ring species starts by the decomposition of the m-xylyl radical yielding methylcyclopentadienyl (C 6 H 7 ) and acetylene or 1,3-cyclopentadiene (C 5 H 6 ) and propargyl [10] . 1,3-cyclopentadiene was clearly identified with maximum mole fraction of 2.1•10 -4 . The high concentration of cyclopentadienyl radical can be explained by H-abstraction from 1,3-cyclopentadiene. Three methylcyclopentadiene isomers can be identified by Franck-Condon profiles to the ms-TPES of m/z = 80 (Fig. 7) . The formation of methylcyclopentadiene as C 6 H 8 isomer is highly probable because of the presence of the cyclopentadienyl radical while formation of the sixmembered 1,3-cyclohexadiene from the fuel is less likely. 
Soot precursors and PAH formation
Because of the aromatic ring in m-xylene the sooting tendency and formation of PAHs is expected to be high under fuel-rich conditions. The formation of the first aromatic ring is often the kinetic bottleneck of higher PAH formation for aliphatic hydrocarbons. For m-xylene, as an aromatic hydrocarbon, the reaction path analysis (see Fig. S4 ) shows that benzene is mainly formed in the reaction zone from immediate fuel decomposition products like toluene (C 7 H 8 + H = C 6 H 6 + CH 3 ) and methylcyclopentadienyl radicals (C 6 H 7 = C 6 H 6 + H).
PAHs are included in the model of [25] . Reflecting the formation of substituted benzenes and benzene in few steps from the fuel in the reaction zone, naphthalene and indene are mainly formed by the reaction of methylphenyl radicals with propargyl. Mole fraction profiles of C 3 H 3 and C 6 H 6 are shown in Fig. 2 . The general shape and the peak position are well predicted by all models but absolute mole fraction values differ. As discussed above, the methylphenyl radicals could not be observed experimentally here.
In aliphatic fuels benzene is often formed by recombination of propargyl radicals or the reactions of C 4 H 3 or C 4 H 5 with acetylene [39] . The reaction path analysis shows that these reactions are of minor importance for the formation of benzene here. However, in particular the C 4 H 5 and C 4 H 3 radicals are formed during the oxidation of benzene under these fuel-rich conditions and the ability of a model to capture their mole fractions correctly may help to decide if the benzene oxidation pathways are implemented correctly.
In case of the C 4 H 3 and C 4 H 5 isomers, the resonantly stabilized i-isomer is more stable than the nisomer [39] but we found only the i-isomer for C 4 H 3 while for C 4 H 5 the observed ionization energy of 7.94 eV fits to the calculated and evaluated ionization energies of 1-methylallenyl radical (CH 3 CCCH 2 ) and 1-butyn-3-yl radical (CH 3 CHCCH) from [39] or also to the 2-butyn-1-yl radical (CH 3 CCCH 2 ) from [40] . All three species have similar ionization energies so that a distinction is not possible but n-C 4 H 5 and i-C 4 H 5 have lower ionization energies and can definitely be excluded. Also the model of [13] , which includes the n-C 4 H 5 , i-C 4 H 5 and 2-butyn-1-yl radicals, predicts the latter one with the highest mole fraction from decomposition of benzene (C 6 H 6 + H = CH 3 CCCH 2 + C 2 H 2 ). Apart from benzene, fulvene is the second C 6 H 6 isomer and its maximum mole fraction is about a factor of 100 smaller than for benzene. The maximum mole fraction of fulvene is 0.5 mm closer to the burner than the maximum of benzene (Table S2 ) which mirrors the fact that fulvene plays a role in benzene formation by direct or H-catalyzed isomerization [41] . Table S2 provides an overview of the experimentally clearly identified PAHs; PAHs for which assignment proved difficult are not reported. The mole fraction profiles of selected PAHs are shown in Fig. 8 and are compared to the simulation results obtained from the kinetic model of Ranzi [25] .
Absolute mole fractions of the indenyl radical and naphthalene are well predicted while peak positions differ. The opposite is true for indene and the methylnaphthalenes indicating the need for further investigation. More PAHs up to m/z=200 were detected in an energy scan at 6.5 mm but the signal in the burner scans was too weak for quantification. Figure 9 shows a mass spectrum taken at 8. 
Conclusions
In this study reactive intermediates were identified in a fuel-rich flame of m-xylene by imaging photoelectron photoionization coincidence spectroscopy at the SLS. The iPEPICO experiment allows for simultaneous identification of combustion species with PIE and TPE spectra. TPE spectra give the fingerprint for each molecule so that unprecedented isomer resolution can be achieved. The new instrument at the SLS provides access to and reliable identification of previously unobserved species like p-xylylene or benzocyclobutene formed during combustion under low-pressure conditions. The mole fraction data were compared to simulations with current literature mechanisms. In general, the main species profiles, the maximum mole fraction for most combustion intermediates and the shape of the profiles can be reproduced quite well by all five kinetic models. For the initial steps of fuel destruction, agreement is less satisfactory. In particular, the experimental data presented here demonstrate a need to include the isomerization of m-xylyl to o-and p-xylyl radicals in updated combustion models. A few two-ring aromatic hydrocarbons can only be compared to one model and deviations caused by experimental uncertainties are mostly due to the lack of photoionization cross sections on the one hand and insufficient experimental data for model development on the other hand.
Xylyl radical pyrolysis experiments proved to be extremely useful in the analysis and interpretation of the flame data and show that these experiments, while not providing validation data for kinetic mechanism development directly, can contribute significantly to an understanding of flame chemistry.
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